Background. Detection of human papillomavirus (HPV) DNA in genital samples may not always represent true infections but may be depositions from infected sexual partners. We examined whether sexual risk factors and a biomarker (Y chromosome DNA) were associated with genital HPV partner concordance and estimated the fraction of HPV detections potentially attributable to partner deposition.
The detection of human papillomavirus (HPV) DNA in male and female genital samples is generally interpreted as an HPV infection at these sites. However, indirect evidence supports the hypothesis that some detections of HPV DNA may not represent true productive infections in the tested individuals, but depositions of HPV DNA from an infected sex partner. DNA of genital HPV types is frequently detected on hands [1] and on environmental surfaces [2] despite their tropism for mucosal epithelium. Also, HPV requires several hours to days to attach to and enter basal epithelial cells [3] [4] [5] , and infected epithelial cells take several weeks to reach the top layers of the epithelium for desquamation, during which the expression and replication of the viral genome is tightly regulated to avoid host detection [3] . The viral generation time is estimated to take at least 3 weeks [6] . It is therefore unlikely that HPV DNA newly detected within days of a sexual contact represents a productive infection. Genital HPV DNA concordance between sex partners is highest the day following vaginal sex and declines with the number of days since sexual intercourse, and this excess concordance has been hypothesized to be due to partner deposition [1, [7] [8] [9] . Potential sources of HPV DNA include deposited HPV virions, free viral DNA, infected exfoliated epithelial cells from the partner, or infected sperm cells [10] .
Little is known about what fraction of HPV DNA detections is likely to represent depositions rather than productive infections. However, this issue is of increasing importance as more and more jurisdictions adopt HPV DNA testing for cervical cancer screening. The majority of incident genital HPV DNA detections are not detected upon retesting 6-12 months later [11, 12] . Depositions may partly explain these "transient infections", which are associated with a lower risk of oncogenic progression than "persistent infections" of HPV DNA detected on consecutive visits [13] , but it is currently impossible to determine which HPV DNA detections reflect true productive infections.
Biomarkers of partner cell deposition could help elucidate the fraction of HPV DNA detections that are depositions. Y chromosome DNA is present in male epithelial cells and Y-chromosome-carrying sperm cells, and is a biomarker of recent sexual activity in women. It can be detected in 87%-100% of vaginal samples the day after unprotected vaginal sex and up to 15 days thereafter [14] [15] [16] . We hypothesized that Y chromosome DNA might be a direct biomarker of HPV-infected male cells deposited in the vaginal tract (eg, if HPV DNA deposition occurs through infected sperm/epithelial cells), and would therefore be associated with a higher probability of partner HPV type-specific concordance due to deposition. Alternatively, Y chromosome DNA detection may also be a correlate of the sexual behaviors that cause viral shedding and deposition. Our objectives were to measure whether recent sexual behaviors and Y chromosome DNA in vaginal samples were independently associated with type-specific HPV DNA genital concordance between sex partners, and estimate the proportion of all HPV DNA detections that may be attributed to deposition.
METHODS

Study Design
The HITCH (HPV Infection and Transmission Among Couples Through Heterosexual Activity) cohort study enrolled women, 18-24 years old, attending a university or college in Montréal, Canada, and their male partners ≥18 years old, from 2005 to 2010 [7, 17, 18] . Eligible couples were in a sexual relationship of no more than 6 months. The study was approved by the ethical Institutional Review Boards from both universities (McGill, Concordia). Subjects provided written informed consent to study participation, and for the storage and use of their specimen in future studies shedding light into mechanisms of transmission of HPV infection.
At the baseline visit, both men and women independently completed self-administered online questionnaires on sexual behaviors with their HITCH partner, as well as those with previous and any concurrent partners since the start of the partnership. Condom use was measured as the proportion of protected sex acts since the start of the partnership. Women were asked to self-report if they had received the HPV vaccine. Women self-collected a vaginal specimen with a Dacron™ swab after receiving instructions by the research nurse. Men provided a specimen of epithelial cells from the penis and scrotum using gentle exfoliation with ultrafine emery paper (3M 600A-grit Wetordry™ Tri-Mite) followed by swabbing with a cotton Dacron™ swab.
HPV and Y Chromosome DNA Detection
Polymerase chain reaction (PCR) assays for HPV DNA detection and genotyping, and Y chromosome DNA detection and quantification, have been previously described [7] . Briefly, we performed a linear array HPV genotyping assay (LA-HPV) ( [19] . We coamplified a segment of the β-globin gene to act as a cellular control and identify the presence of inhibitors. We used a validated PCR protocol [20] to detect and amplify the SRY gene DNA sequences specific to Y chromosomes. We estimated the quantity of SRY with the use of a standard curve produced by serial dilutions of DNA from quantified cells of prostatic origin available in our laboratory. We also estimated the number of cells contained in the sample with a real-time PCR targeting the β-globin gene as described elsewhere [21] . Samples were evaluated in duplicate with the Light Cycler PCR and detection system (Roche Molecular Systems, Laval, Québec). Sample processing and testing was done by female research assistants only to prevent contamination. All negative controls were negative in PCR assays. The proportion of male cells in vaginal samples was determined by dividing the quantity of SRY copies by the total number of cells inferred via the real time PCR β-globin assay.
Statistical Analysis
We analyzed the data from participants' baseline clinic visit and questionnaires. We restricted analyses to partnerships with valid β-globin DNA test results, and partnerships where at least one partner is HPV DNA positive. Our outcome was type-specific HPV DNA concordance between partners, defined as the detection of the same HPV type in both partners' genital samples, conditional on at least one of the partners being positive for that type. We considered Y chromosome DNA in women as both a binary (positive/negative) exposure and as a quantitative (proportion of male cells among all exfoliated vaginal cells) exposure. We included in multivariable models the sexual behaviors significantly associated with HPV DNA concordance in univariate analyses. We considered the number of days since a woman's last vaginal sex to be the latest between either (1) the last date she reported having vaginal sex with her HITCH partner or any other sex partner(s), or (2) the last date her male HITCH partner reported having vaginal sex with her. If participants only recalled the month but not the day of their last vaginal sex, we imputed the date as occurring halfway through that month. We averaged the responses of both partners for other partnership-level variables, and averaged the frequency of giving and receiving oral and digital sex into pooled summary measures. We included log and square root transformations of continuous variables (number of lifetime sexual partners, cumulative number of sex acts, Y chromosome DNA quantity) in the models to account for nonlinear relationships with concordance.
We used multiple linear regression to model concordance. The model assumes there is a baseline level of concordance between partners that is expected due to chance and due to cumulative transmission since the start of the partnership. Increases in concordance associated with predictors (Y chromosome DNA, recent sexual behaviors) are the cases of concordance that are assumed potentially attributable to deposition. This analysis considers deposition is only possible in cases where both partners are HPV DNA positive for the same type. We considered each HPV type as an individual observation, so partnerships with multiple types of HPV contributed multiple observations to the analyses. We accounted for within-subject correlation between HPV types using generalized estimation equations (GEE), with a working exchangeable correlation or exchangeable log-odds ratio structure.
We examined the interaction between days since last vaginal sex and condom use by including interaction terms between these variables in linear models. Partners were classified as "inconsistent" users if they reported condom use between 1% and 99% of the time. Interaction analyses were adjusted for all variables previously included in multivariable analyses.
We used a modified calculation method for the population attributable fraction to estimate the proportion of HPV DNA detections that were depositions (see Supplementary Material for technical details). Briefly, in cases where an HPV type was detected in only one partner we assumed the detection reflected a true infection. In cases where an HPV type was detected in both partners, we used model-adjusted type-specific HPV DNA concordance prevalence differences as measures of effect to estimate the number of excess cases of concordance attributable to vaginal sex in the last 0-7 days and due to Y chromosome DNA positivity. For "excess" concordant partners predicted by the GEE model, the calculation assumed one partner had a true HPV infection and one partner had HPV DNA deposition. This analysis makes no assumption regarding which gender has the deposition and which has the true infection. The estimate should be interpreted as the fraction of all HPV DNA type-specific detections in men and women combined that could be depositions attributable to each exposure.
RESULTS
Population Characteristics
At the baseline visit, 494 of the 502 enrolled women had valid β-globin DNA test results ( Table 1 ). The median time since partners reported starting having vaginal sex was 3.9 months (interquartile range 2.6-5.1) and the median reported number of vaginal sex acts since the start of the partnership was 62 (interquartile range 33-102). The majority (62.3%) of women reported vaginal sex in the past 2 days. Only 2.8% of women and 3.2% of men reported vaginal sex with another partner in the past week. There were 15.1% of women who reported having received the HPV vaccine.
Overall Type-Specific HPV DNA Concordance There were 56.6% of women and 57.1% of men who were positive for at least one HPV type (Table 1 ). There were in total 1565 type-specific HPV DNA detections (768 in women, 797 in men), 1099 instances of type-specific HPV DNA detections in either partner, and 466 instances of type-specific HPV DNA detection in both partners. If HPV DNA was detected in either partner, there was a 42.4% probability both partners were positive for the same HPV type. Overall concordance was similar between genders: if the woman was positive for a given HPV type, there was a 60.7% probability that her partner was positive for the same type, and if the man was positive for a given type there was a 58.5% probability his partner was positive for the same type. Concordance did not substantially vary by HPV species group (Supplementary Table 1 ).
Associations With Y Chromosome DNA
Conditional on either partner being HPV DNA positive, there was a 12.5% (95% confidence interval [CI], 5.0-19.9) higher prevalence of type-specific concordance in partnerships where the woman was Y chromosome DNA positive than in partnerships where the woman was Y chromosome DNA negative ( Table 2 ). The association between concordance and Y chromosome DNA positivity was stronger when we conditioned on women being HPV DNA positive than when we conditioned on men being positive. However, Y chromosome DNA positivity was no longer associated with concordance in either sex once we adjusted for partners' reported sexual behaviors. We found similar results when we modeled Y chromosome DNA in women's samples as a quantitative exposure (Figure 1 ). The square root-transformed proportion of male cells among women's exfoliated vaginal cells was a significant crude predictor of concordance between partners (P = .0005), but was no longer associated once we adjusted for reported sexual behaviors (P = .42).
Associations With Sexual Behaviors
The days since the woman's last reported vaginal sex, condom use, frequency of digital sex, the man's lifetime number of sex partners, and cumulative number of vaginal sex acts since the start of the partnership were significantly associated with type-specific HPV DNA concordance between partners in multivariable models (Table 2 ). If at least one partner was HPV DNA positive, the adjusted probability of type-specific HPV concordance was 26.5% (95%CI, 12.9-40.0) higher in partnerships in which women reported vaginal sex 0-1 days ago than in those in which women reported they last had vaginal sex 8-14 days ago, and 22.6% (95%CI, 9.7-35.6) higher between partners who reported never using condoms than between partners who reported always using condoms. The association between concordance and reported condom use differed by sex: when we conditioned on women being HPV DNA positive, there was a larger association with the probability their male partner was e Models included both the linear and log-transformed lifetime number of sexual partners and cumulative number of sex acts as predictors.
f Not considered for model inclusion as analyses are already conditioned on that gender being HPV DNA positive.
concordant than when we conditioned on men being HPV DNA positive. Frequency of reported oral sex, concurrent partners, and women's number of lifetime sexual partners were not associated with concordance. We performed sensitivity analyses where we excluded HPV-6/11/16/18 observations from couples where the woman reported being vaccinated, but this did not impact model estimates (results not shown).
The adjusted association between days since last reported vaginal sex and type-specific HPV DNA concordance conditional on either partner being infected was modified by reported condom use (Figure 2 ). For partners who reported never using condoms, the adjusted type-specific HPV concordance was 42.1% higher (95%CI, 22.4-61.7) 0-1 days after last reported vaginal sex than ≥4 days after. For partners who reported always using condoms, the adjusted type-specific HPV concordance was 10.0% higher (95%CI, −13.5 to 33.5) 0-1 days after last reported vaginal than ≥4 days after. For partners who reported last having vaginal sex 0-1 days ago, the adjusted type-specific HPV concordance was 32.1% higher (95%CI, 1.8-62.3) between partners who reported never using condoms than partners who reported always using condoms. For partners who reported they last had sex ≥4 days ago, the adjusted type-specific HPV concordance was 4.7% higher (95%CI, −14.3 to 23.6) between partners who reported never using condoms than between partners who reported always using condoms.
Fraction of Detections Attributable to Deposition
Using adjusted concordance prevalence difference model estimates, we estimate that 14.1% (95%CI, 6.3-21.9%) of all type-specific HPV DNA detections in men and women were depositions attributable to vaginal sex reported in the last week (≤7 days). No HPV DNA detections were estimated to be strictly attributable to Y chromosome DNA positivity (0.2%, 95%CI, −2.8 to 3.1%).
DISCUSSION
We hypothesized that Y chromosome DNA might plausibly be associated with HPV DNA detection through two mechanisms: (1) Y chromosome DNA could be a direct biomarker of HPVinfected male cells deposited in the vaginal tract, or (2) Y chromosome DNA detection could be merely a correlate of sexual behaviors that lead to viral shedding and deposition (which may or may not lead to infection). Our results support the second hypothesis, as Y chromosome DNA in vaginal samples was no longer associated with type-specific HPV DNA concordance once we adjusted for reported sexual behaviors. To our knowledge, only one other study, by Silva et al., has studied and found a strong crude association between Y chromosome DNA and HPV DNA (odds ration [OR], 2.9) [22] . Y chromosome DNA positivity in the general population is likely to identify women in a current sexual relationship, and at increased risk for HPV deposition and transmission. We likely found a weaker association because our study recruited women conditional on being in a recent sexual partnership. While it is possible HPV DNA could decay at a different rate than Y chromosome DNA, this is biologically unlikely as nucleases are not known to target specific DNA signatures. Should it exist, differential decay would be expected to lead to an underestimation of the crude association between Y chromosome DNA and HPV DNA. However, if Y chromosome DNA were a mediating factor, it would still be expected to retain an association with HPV concordance in adjusted analyses, which was not the case in our analysis. Our results suggest the detection of male cells in vaginal samples has no causal effect on HPV DNA detection beyond being a correlate of recent sexual activity.
Our estimated cross-sectional type-specific HPV concordances between partners are similar to those measured by Widdice et al. in a comparable population of young couples (67%-70%) [1] . Our results build on previous observations of an association between time since last sex and partner concordance [7] [8] [9] by showing that this strong association is independent of other sexual behaviors increasing cumulative HPV transmission between partners (for example cumulative number of sex acts). This supports the hypothesis that excess concordance associated with vaginal sex in the last few days is likely to reflect deposition rather than infection. The timescales we measured are more consistent with deposition (days) than true infection (weeks). Our study also suggests that condom use may prevent some HPV DNA deposition: the largest decline in concordance over the days since last vaginal sex was seen in partners who never use condoms, and the lowest decline was in partners who always used condoms. Previously, Nyitray et al. reported no association between condom use and concordance [9] , but this may be because they grouped together partners who always and sometimes used condoms, which would dilute any protective association.
We estimated that 14.1% of cross-sectional HPV DNA detections in our sample could be depositions. This population-attributable fraction assumes that the confounder-adjusted excess concordance associated with vaginal sex in the last week reflected deposition. The proportion of HPV detections that are depositions will be population-specific depending on the distribution of days since last vaginal sex and of condom use, and would likely be smaller in populations where less individuals have had vaginal sex in the last few days (eg, older individuals [23] , or the general population which includes singles). Nevertheless, even a small proportion of depositions misclassified as true "infections" could cause important biases in studies [24] . For example, clinical trials observed a lower HPV vaccine efficacy against all incident HPV-16/18 DNA detections (73.6%) than against 6-month persistent detections (94.3%) in young women in according-to-protocol analyses [25, 26] , as would be expected if some of the incident detections were only depositions rather than true replicating infections.
The main limitation of our analysis is that it is cross-sectional, so it is not possible to determine whether deposition might be more likely in women or men as we do not know which partner was infected first. There was also likely some misclassification of the number of days since last vaginal sex, especially in categories of increasing days since last vaginal sex due to declining recall over time. Partnerships categorized as ≤4 days since last vaginal sex had a median absolute difference between men and women's reports of 0 days (interquartile range [IQR] 0-1), indicating good agreement and recall. However, those partnerships categorized as ≥15 days since last vaginal sex had a median difference of 8 days (IQR 5-16) between men and women's reports and a higher proportion of missing response from either partner indicating poorer recall and a higher likelihood of misclassification. There are likely some observations classified as ≥15 days since last vaginal sex that have a more recent date of vaginal sex that was poorly recalled and reported. Upon examination, partners in this category did not have other identifiable behaviors that could plausibly explain their increased concordance (they reported on average higher condoms use and a lower weekly frequency of vaginal sex than other categories). We therefore hypothesize the unexpected increase in partner concordance in the partners who reported ≥15 days since last vaginal sex is likely due in part to some misclassification of the time since last vaginal sex and in part to the low number of observations in this category. It is also possible there might be some unmeasured confounders we have not accounted for.
Deposition has important implications for cervical cancer screening with HPV DNA testing [16] . Deposition is likely to contribute to lowering the specificity of HPV DNA testing, as only infected cells can progress to cervical neoplasia and cancer [27] . Even small declines in screening specificity have important implications at the population level, increasing the number of false positives and leading to many unnecessary interventions in women causing physical and psychological harms [28] [29] [30] . Our results suggest that research is required to understand whether time since last vaginal sex and recent condom use affect the positive predictive value of a positive HPV test in a screening context. However, clinically validated HPV assays used in cervical cancer screening are calibrated to yield positive results at higher thresholds of HPV viral load than the highly sensitive Linear Array PCR used in the HITCH study, thus conceivably making HPV deposition less likely to be translated into a screening positive result.
In conclusion, our study suggests that a proportion of cross-sectional HPV DNA detections in sexually active individuals may be depositions due to recent vaginal sex. The probability of type-specific HPV DNA concordance between partners was strongly and independently associated with self-reported days since last vaginal sex and condom use. Our results suggest Y chromosome DNA in vaginal samples is a correlate of sexual behaviors, but that the presence of male cells is coincidental to viral HPV deposition and transmission rather than its causal mechanism. Future research should evaluate whether time since last vaginal sex and recent condom use affect the positive predictive value of a positive HPV test in a cervical cancer screening context. 
